This study is intended to characterize the ovarian development and hemolymph vertebrate-type steroids concentration during the reproductive cycle of the freshwater prawn, Macrobrachium rosenbergii. A five-stage classification based on the external observation of the ovary's size and color as seen through the tegument was used. The results showed the existence of a direct correspondence between the ovarian stages and the gonadosomatic index, the oöcyte diameter, and the characteristics of ovarian histology. In each stage total bleeding of the prawns was conducted and the hemolymph concentrations of 17b-estradiol (E 2 ), testosterone (T) and 17a-hydroxyprogesterone (17-OHP; conjugated and unconjugated) were determined by solid-phase radioimmunoassay (RIA). High levels of unconjugated 17-OHP, relatively constant concentrations of unconjugated T, and null concentration of unconjugated E 2 were found throughout the five stages considered. Nonetheless, low levels of E 2 were determined in all stages, in conjugated (glucoronide) form. The highest levels were obtained in stage II and III (18.14 6 14.52 pg/ml hemolymph) and progressively declined in the other stages (7.53 6 6.76 pg/ml hemolymph). These results point out the possible involvement of vertebrate-type steroids in the endocrine regulation of the Macrobrachium rosenbergii's ovarian cycle. To our knowledge this is the first study concerning the vertebrate-like steroid levels throughout the ovarian cycle and is a step needed to characterize the hemolymph profile of these steroids in order to elucidate the possible role in the regulation of the reproductive crustacean cycle.
INTRODUCTION
A major problem for the development of crustacean aquaculture is the control of reproduction, particularly ovary maturation. As several species of high commercial value do not mature without external manipulation, particular attention has been given to the endocrine control of vitellogenesis. Although not fully elucidated, the process is known to be controlled by hormonal factors, neuroendocrine or others, such as methyl farnesoate (Laufer and Biggers, 2001) , ecdysteroids, and steroid hormones (Huberman, 2000; Van Herp and Payen, 1991) . While strong evidence on the effects of these substances has been published, reports on the presence of vertebrate-like steroids in the hemolymph and other decapod crustaceans organs are scarce (Couch et al., 1987; Fairs et al., 1990) . Several studies on the biological activity of these substances reported positive results with the stimulation of vitellogenesis in marine and freshwater prawns by progesterone [P] (Quackenbush, 1992; Quackenbush, 2001; Sarojini et al., 1985; Van Herp and Payen, 1991; Yano, 1985) , estrone (Sarojini et al., 1986) , 17a-hydroxyprogesterone [17-OHP] (Tsukimura and Kamemoto, 1991; Yano, 1987; Yano and Chinzei, 1987 ) and 17b-estradiol [E 2 ] (Quackenbush, 1992; Quackenbush, 2001; Sarojini et al., 1986) . Nevertheless, other authors reported a lack of response to P (Tsukimura and Kamemoto, 1991; Tsukimura et al., 2000) , testosterone (T; Quackenbush, 2001) , 17-OHP (Koskela et al., 1992; Tsukimura et al., 2000) , and E 2 (Tsukimura and Kamemoto, 1991; Tsukimura et al., 2000) .
The ovary's ability to synthesize steroid hormones has been a controversial subject. Some researchers have observed the presence of several important enzyme systems, known to be involved in biosynthesis and catabolism of steroids in vertebrates. The hydroxysteroid dehydrogenase (HSD) activity has been reported by several researchers (Björkhem and Danielsson, 1971; Blanchet et al., 1972; Burns et al., 1984) , and particularly 17b-HSD (conversion of androstenedione to T) was shown to be present in substantial amounts in ovary and hepatopancreas of Cancer pagurus (Swevers et al., 1991) . 3b-HSD/isomerase (conversion of pregnenolone to P) and C 17 -C 20 lyase (conversion of 17-OHP to androstenedione) were also detected at very low levels by Swevers et al. (1991) , but no traces of the activity of 17a-hydroxylase (conversion of P to 17-OHP) and aromatase were observed (Swevers et al., 1991) . These findings led the authors to conclude that, since vertebrate steroids seemed to be present in extracts of almost every animal or plant tissue, they were most likely to occur in the food of crustaceans and therefore the steroids found would be of exogenous nature. However, more recent studies indicate that all the enzyme systems necessary for the synthesis of E 2 , from P, are present and active in the ovary of Marsupenaeus japonicus (Summavielle et al., 2003) , supporting the idea that vertebrate-type steroids might have a physiological role in the decapod crustacean's reproductive cycle.
In order to elucidate this subject, this work characterized the hemolymph profile on 17-OHP, T and E 2 , throughout the reproductive cycle. It also validated a technique to determine the ovary's development stage based on the female body's observation of external characteristics.
MATERIALS AND METHODS

Animals
Twenty adult female Macrobrachium rosenbergii (body weight 10.5 6 2.2 g) about one year of age were collected between February and March 2003 from the experimental earthen ponds of the Centro de Aquicultura da Universidade Estadual Paulista (CAUNESP), Campus de Jaboticabal, S. Paulo, Brazil. The animals were divided in five groups (four animals/ group) according to their apparent ovarian development stage (Chang and Shih, 1995) . This classification was based on the ovary's color and size observed through the external carapace (Fig. 1) . Each group was housed in fiber glass tanks with a running water system.
Organ and Hemolymph Collection
The organ and hemolymph collection took place immediately after the animals were captured. After a quick cold shock, 218.2 6 66.8 ll of hemolymph were collected directly from the pericardial cavity with an EDTA-rinsed needle and syringe, according to the method of Chang and Shih (1995) . The hemolymph was immediately placed in EDTA-rinsed Eppendorf tubes, labelled and kept at À208C, until analysis. The total and gonadal weights were used to calculate the gonadosomatic index [GSI(%) ¼ ovary weight/body weight 3 100]. Small portions of the ovary and hepatopancreas were immediately frozen in liquid nitrogen, for later steroid quantification. The rest of the ovary was placed in Bouin's fluid, embedded in Paraplast Ò according to standard histological techniques, sectioned at 1 lm, and stained with haematoxyline (Gill) and eosin.
Ovarian Development Stage
The ovarian development stage was determined according to the type, size and frequency of the observed cells (Chaves and Magalhães, 1993; HtunHan, 1978) . The ovary germinal cells were classified according to their development stage (Carvalho, 1981; Chaves and Magalhães, 1993; Okumura, 2004; Okumura and Aida, 2000) . In every stage, the vitellogenesis type was determined according to Chaves and Magalhães (1993) , Okumura and Aida (2000) and Okumura (2004) : endogenous vitellogenesis, characterized by the presence of oil globules and eosinnegative vesicles in the oöcytes' cytoplasm; exogenous vitellogenesis, characterized by the presence of yolk globules, acidophilic cytoplasm, and a rapid increase of the oöcytes dimensions because of the yolk globules accumulation.
Images
All images were obtained with a high-resolution digital camera (Nikon DXM 1200), mounted in an optical microscope (Nikon Eclipse E600), and connected to a computer. The image acquisition software used was Nikon ACT-1, v. 2.12 and processed by means of Adobe Photoshop 7.0 Pro. The micron bar used was automatically defined by the image acquisition software and was calibrated by an ocular micrometer. ImageJ 1.31v software was used to measure cell diameters.
Steroid Releasing and Extraction
Unconjugated steroids extraction from the hemolymph was performed according to Monteiro et al. (2000) and Scott and Canario (1992) . Unconjugated steroids were extracted three times with 5 ml of diethyl ether. The tissue was then vortexed for 60 s with the organic solvent and phases were separated by centrifugation. The upper diethyl ether layer (organic fraction) was recovered and evaporated under a stream of nitrogen, before dissolving it in a radioimmunoassay 0.1% gelatine buffer (sodium azide 0.1%, pH 7.4). In order to release steroid sulphates, the remaining aqueous fraction was lyophilised, 4 ml trifluoroacetic acid:ethyl acetate (1:100, v:v) were added and incubated overnight at 458C, after which the ethyl acetate was evaporated under a stream of nitrogen and extracted in the same way as unconjugated steroids. The sulphate steroid fraction was then suspended in the radioimmunoassay buffer. In order to release steroid glucuronides, the remaining fraction was resuspended in 2 ml of sodium acetate buffer (0.1 M, pH 5.0) containing 5000 U of b-glucuronidase, and incubated at 378C, overnight, in a shaking water bath. Finally, the glucuronide steroid fraction was extracted as free steroids and suspended in the gelatine buffer.
To determine the amount of steroids in ovary and hepatopancreas, the frozen samples were weighed, and minced in a 0.1 M phosphate buffer (0.25 M in sucrose; pH ¼ 7.4). After 24 hours, the samples were subjected to the same procedures applied to the hemolymph samples to release and extract the unconjugated and conjugated steroids.
The steroids in the hemolymph, ovary, and hepatopancreas samples were determined by solid-phase RIA according to the instructions included in the Diagnostic Products Corporations (DPC) kits to quantify E 2 , T and 17-OHP. The three antisera are highly specific and have an extremely low cross reactivity to other naturally occurring steroids. According to DPC, some values of the most probable cross reactions are: antibody for 17-OHPprogesterone 0.578%, pregnenolone 0.019%, 17a-hydroxypregnenolone 3.2%, T 0.0096%; antibody for T-androstenedione 0.5%, 11-ketotestosterone 16%, 11b-hydroxytestosterone 0.8%, estrone 0.01%, E 2 0.02%; antibody for E 2 -androstenedione Not Detected (ND), T 0.001%, 11-ketotestosterone 0.006%, 11b-hydroxytestosterone ND, 17a-estradiol 0.017%, b-estradiol-17b-D-glucuronide ND. Radioactivity in tubes was measured using a MiniGamma 1275 (LKB-Wallac) gamma counter. Conversion rates ranged from 0.02 to 0.05%.
Chemicals and Reagents
All solvents and other chemicals were, respectively, Lichrosolv and Proanalysis grade, by Merck KGaA (Germany). Authentic steroids were obtained from Riedel-de-Haen and Sigma (USA). RIA kits were purchased from DPC (USA). Statistics GSI, oöcyte size and steroid hormone levels, were analyzed using the GLM Procedure of SAS (SAS Institute Inc.; v. 8.02 ). All differences were tested at a significance level of 5%, using a multiple comparison between means (Fischer LSD test).
RESULTS
Highly significant differences (P , 0.001) in ovarian growth were registered (expressed through GSI) in the different phases (Table 1 ). The highest growth was observed in stages IV and V, as demonstrated by GSI increases of 9.6 and 17.2 times versus the first three stages, where no significant differences were found (P ! 0.05).
The oöcyte distribution was variable, depending on the ovarian development degree (Table 2) . Observing the haematoxyline/eosin stained slides of the ovary, it's obvious that the more mature cells tended to be located in the periphery of the organ (Fig. 2 ). There were no visible septa or other internal division structure in the ovary.
In stages I and II, the predominant cells were oögonia (OÖ ), primary oöcytes, and previtellogenic oöcytes (PVO; Fig. 1 . Area occupied by the ovary, from stages I-V, observed through the Macrobrachium rosenbergii's exoskeleton (adapted from Chang and Shih, 1995) . Dotted area indicates the ovarian tissues. C, carapace; ET, epigastric tooth. Fig. 3A, B) . These stages corresponded to initial development stages of the ovary, where the more mature cells were PVO, more numerous in stage II. In stage III (Fig. 3C, D) , besides OÖ , primary oöcytes and PVO, a large number of vitellogenic oöcytes (VO) characterized by the existence of yolk vesicles (or lipid globules, unstained vacuoles), were present. These were found on the cytoplasm periphery, near the cell membrane, and later disperse in the cytoplasm. Initially colorless, they become increasingly orange as they accumulate vitellin granules. At this stage, the follicle cells (FC) that surround PVO and VO appear enlarged, as also reported by Chang and Shih (1995) .
In stages IV and V (Fig. 4A to D) , yolk vesicles and globules occupy the entire oöcyte. FC, OÖ , and PVO were very difficult to observe, because of the great size of the more mature oöcytes, undergoing exogenous vitellogenesis. OÖ and PVO occurred in slender bundles, in the central area of both halves of the ovary. Although it was possible to see early vitellogenesis oöcytes in stage IV, none was seen in stage V (Fig. 4C, D) .
The hemolymph profile on 17-OHP, T and E 2 , throughout the reproductive stages, is shown in Fig. 5 . The free (unconjugated) hemolymph profile of 17-OHP in stages II and V (1734.16 6 821.01 pg/ml) was significantly higher (P , 0.05) than the one registered for stage I (840.09 6 183.91 pg/ml). No significant differences for this parameter were found (P ! 0.05) between stages II, III, IV and V, and between stages I, III and IV. The amount of sulphate conjugated 17-OHP was significantly higher (P , 0.05) in stage II (1328.24 6 349.59 pg/ml) than in stage I (702.24 6 149.87 pg/ml). No significant differences were found (P ! 0.05) between all other stages. No significant differences (P ! 0.05) were found when comparing the glucoronide conjugated 17-OHP hemolymph titers. The average value for this parameter was of 32.32 6 20.51 pg/ml, throughout the reproductive cycle.
No significant differences were found between stages (P ! 0.05) considering all the hemolymph profiles of T, with average values of 142.99 6 54.89 pg/ml, 171.30 6 80.07 pg/ml, and 0.16 6 0.08 pg/ml, respectively for free, sulphate and glucoronide conjugated T.
Comparing glucoronide conjugated E 2 hemolymph levels throughout all stages, we found that the highest levels, 18.14 6 14.52 pg/ml, were found to have occurred in stages II and III (P , 0.05). No significant differences (P ! 0.05) were found between stages I, III, IV, and V, with E 2 levels of 7,53 6 6,76 pg/ml. Also, no significant differences (P ! 0.05) between stages were observed for the free and sulphate conjugated E 2 levels.
DISCUSSION
Several authors have already characterized Macrobrachium ovarian histology (Carvalho and Pereira, 1981; Chang and Shih, 1995; Chaves and Magalhães, 1993; Damrongphol et al., 1991; Sagi and Ra'Anan, 1985) . Several systems of classification of the ovary development based on the observation of external characteristics have been proposed (Chang and Shih, 1995; Damrongphol et al., 1991; Sagi and Ra'Anan, 1985) . These classifications, correlating the gonad's maturity state with its external appearance, simplify the selection procedures of females for reproduction purpose. Our study was done following the Chang and Shih (1995) classification.
Analysing the results obtained, the high adjustment between the ovarian stages (I to V) and the ovarian growth (expressed by the GSI) and histology have to be pointed out (Table 3) . These findings are similar to those obtained by Chang and Shih (1995) and are in accordance with the maturity stage of the ovary of Carvalho and Pereira (1981) . Nonetheless, no completely immature ovary was observed. It is believed that this is due to the fact that Macrobrachium rosenbergii, depending on latitude, can be continuous or seasonal breeders (Rao, 1991) . In subtropical or temperate zones these animals do not reproduce in winter months (Ismael and New, 2000; Pinheiro and Hebling, 1998) . The animals used in this study, presented the last fertile cycles in March/April, and would have resumed reproduction in Spring (September/October). Considering this, and since the animals were collected in March, it would be almost impossible to find a female with completely immature ovaries. On the other hand, in the inner areas of a fully mature ovary there are immature cells ready to start their development in the next cycle. Since the ovaries mature even when females carry the eggs (O'Donovan et al., 1984) , these cells reinitiate their development immediately after spawning. This finding can help explain the big similarity between the ovaries in stages I and II.
As mentioned by other authors, no cortical rods, typical of penaeid shrimp, were observed and the VO were similar to those of Pandalus kessleri (Quinitio et al., 1989) but different from those of Penaeus (Ceballos-Vazquez et al., 2003; Medina et al., 1996; Mohamed and Diwan, 1991; Quinitio et al., 1993; Quinitio et al., 1991) . FC, surrounding maturing oöcytes, were especially visible in the initial vitellogenesis (stage III), looking greater and rounder, as mentioned by other authors (Chang and Shih, 1995; O'Donovan et al., 1984) . That might reflect their biosynthetic ability (Chang and Shih, 1995; Yano and Chinzei, 1987) , especially since, in some crustacean species, these cells are supposed to be involved in vitellogenesis (Van Herp and Payen, 1991) , which may contribute to the vitellogenin production during early vitellogenesis (Tsutsui et al., 2000) . In stages IV and V, FC do not appear to be enlarged, although this fact may result from the stretching of its cytoplasm due to the intense growth of the oöcytes which are surrounded by them. In the course of our work we do not have enough evidence to support this theory. However, at these stages, FC are believed to have an intense metabolic activity mediating the uptake of vitellogenin by the VO, in a process that is both regulated by the Vitellogenesis Inhibiting Hormone and the Vitellogenesis Stimulating Hormone (Charniaux-Cotton, 1980; Charniaux-Cotton and Payen, 1988; Van Herp and Payen, 1991) .
In this study, the female classification in stages I and II was difficult because of the exoskeleton high pigmentation level, which made it almost impossible to determine the color of the ovaries, particularly small and colorless during these stages. This difficulty prevented the use of color as a selection characteristic, basing the selection on the ovary size only. Apparently, this did not influence the results. This high level of pigmentation might be related to the heavy microalgae growth in the tanks where the prawns came from. These algae, rich in pigments (carotenoids), were not present in the indoor tanks, where the animals had very little pigment, allowing the size and color of the ovary to be clearly seen in all stages.
The analysis of the hemolymph profiles of the unconjugated steroids showed high levels of 17-OHP, an intermediate in several metabolic pathways, through the whole reproductive cycle. Significantly higher levels of this steroid were found when females initiated vitellogenesis. Our results are in accordance with other data, where injections of P and 17-OHP were able to induce ovarian maturation in Metapenaeus ensis (Yano, 1985) and stimulate vitellogenin secretion in Marsupenaeus japonicus (Yano, 1987) .
No differences were found for the T values throughout the reproductive cycle, with free and conjugated (sulphate and glucoronide) T concentration means of 142.99 6 54.89 pg/ml, 171.30 6 80.07 and 0.16 6 0.28, respectively. Although the presence of testosterone in the hemolymph of different female crustacean species has been reported by several authors (Kanazawa and Teshima, 1971; Okumura and Sakiyama, 2004; Ollevier et al., 1986; Summavielle et al., 1995) , its role in the reproductive cycle is far from beeing duly clarified. One hypothesis is that T could be the precursor of E 2 , especially considering the results obtained in a recent in vitro study which managed to detect aromatase activity in the Marsupenaeus japonicus ovaries (Summavielle et al., 2003) .
The free and sulphate conjugated titers of E 2 for the same period were null. However, it was possible to determine significantly higher titers of conjugated (glucoronide) E 2 in stages II and III, just before the beginning of endogenous vitellogenesis, and declining afterwards with the establishment of exogenous vitellogenesis, thus suggesting that E 2 might play a positive role in early vitellogenesis. Few studies on the vertebrate-like steroids hemolymph profile have been done for this species. In the few studies that were accessible, different methods were followed, which makes a direct comparison impossible. In one study, only the E 2 levels were determined (Ghosh and Ray, 1993) , and the values were clearly superior to the ones we obtained: between 42.0 6 2.5 and 126.0 6 7.0 pg/ml. In another study, E 2 and P hemolymph levels were estimated through reproductive and non-reproductive molt cycles. The E 2 levels were also higher than the ones we have found in our study, although the E 2 titers along the reproductive cycle showed a quite similar pattern to the one we have observed, rising in early vitellogenesis and declining afterwards, something that may suggest that the ovary can synthesize E 2 and release it into the hemolymph, from where it may reach the hepatopancreas to stimulate vitellogenin synthesis (Gunamalai et al., 2006) .
In Penaeus monodon, the hemolymph analysis reported an average value of 30.4 pg/ml of E 2 , only in the final stages of ovarian maturation (Quinitio et al., 1994) . In the same species growing levels of progesterone were detected until ovulation, reaching 137.1 pg/ml, and decreasing from that moment on (Quinitio et al., 1994) . Similar studies in Penaeus japonicus showed significant variations on free and conjugated steroids, namely E 2 , T, and progesterone, through the reproductive cycle (Summavielle et al., 1995) . Other studies with Pandalus kessleri placed in evidence the presence in hemolymph of progesterone-and estradiol-like substances. Progesterone-like levels increased at the onset of vitellogenesis, decreasing during vitellogenesis, while estradiol-like concentrations rose during the peak of vitellogenesis, and dropping after spawning (Quinitio et al., 1991) .
In conclusion, the hemolymph profiles of the studied hormones do not allow us to reach any conclusion about the role of any of these hormones on the Macrobrachium rosenbergii female reproductive cycle, but the question of what role is played by T and E 2 and about the real levels of E 2 throughout the reproductive cycle is raised. This also shows the need for further study on the characterization of the hemolymph profiles of vertebrate-type steroids in Macrobrachium rosenbergii.
This study also demonstrates that the technique used to classify the animals according to the ovary's external observation is a non-invasive useful tool, allowing the animals to be classified according to their ovary's development state without the need of sacrificing them. Table 3 . Correspondence between ovarian stages (Chang and Shih, 1995) and maturity stage, according to the Carvalho and Pereira (1981) 
